Abstract-Chromium dioxide (CrO 2 ) thin films of different thicknesses (120-2600 A) have been grown epitaxially on (100)-oriented TiO 2 substrates by the chemical vapor deposition technique. The thicker films, with a Curie temperature of 395 K, exhibit in-plane magnetocrystalline anisotropy with the magnetic easy axis along the -axis direction. At low temperatures, the easy axis is deflected from the -toward the -axis in the thickness range 1500-600 A. For even smaller thicknesses, the -axis and the magnetic easy axis coincide again. However, at 300 K, the -axis is always the magnetic easy axis in every film studied. Resistivity measurement in the temperature range of 4.2 to 420 K has also been performed. Temperature dependence of the resistivity is highly anisotropic between the -and the -axis, due to thickness induced anisotropic strain in the CrO 2 films.
I. INTRODUCTION
C HROMIUM dioxide (CrO ) is a ferromagnetic oxide that has been widely used as a particulate magnetic recording medium [1] . Theoretical [2] and experimental [3] , [9] studies have confirmed that CrO is a half-metallic solid with a nearly 100% spin polarization in the conduction band. This halfmetallicity property makes CrO a good material candidate for magnetic tunnel junctions and other magnetoelectronic devices that require a large spin polarization. Fabrication and characterization of epitaxial CrO films are essential for basic studies and potential applications. It remains a challenging task to synthesize CrO films, as this particular phase is a metastable oxide. So far, high-quality single-crystal CrO films have been prepared using the technique of chemical vapor deposition (CVD) on the single crystal substrate of TiO . The close lattice matching between CrO and the substrate is necessary to stabilize the growth of the CrO phase. The lattice constant difference between CrO and TiO is % along and crystalline axes, and % along the axis. Therefore the induced strain in the CrO film is expected to be anisotropic for films with in plane -and -axis. Earlier, our group [4] has shown that the strain in CrO films affects the magnetic anisotropy significantly in the thickness range of 800 -1.2 m. The present work extends our research of magnetic properties of strained CrO films to thinner films. Furthermore, we have measured the temperature and thickness dependence of resistivity of these films. We will show that the induced strain also plays an important role on the electron transport.
We have grown CrO films with varying thicknesses (120-2600 ) on single crystal TiO substrates using the CVD technique. The details of the synthesis have been published elsewhere. [5] The -and -axis of the films are in-plane and the -axis is along the growth direction. Thickness profilometry and Rutherford backscattering analysis have been used for thickness determination. Magnetic hysteresis loops have been measured in the Quantum Design SQUID magnetometer at temperatures of 6, 150, and 300 K. The magnetic field was along both the -and -axis directions for the characterization of magnetic anisotropy. We have used the standard four-probe technique to measure resistivity on photo-lithographically patterned samples.
We have measured the magnetic properties of eight films in the thickness range of 300-2600 . No significant influence of the film thickness on the Curie temperature has been observed. However, marked changes in the hysteresis loops have been seen as the films become thinner. As shown in Fig. 1(a) for a 2600 thick film, the hysteresis loops are square with the field along the -axis both at 6 K and 300 K, indicating that the -axis is the magnetic easy axis in thick films. As the film thickness is reduced to below 1500 , the -axis loops become gradually more rounded. The coercivity in the -axis loops starts to appear and increase. This is an indication of a gradual reorientation of the magnetic easy axis from -to the -axis. A similar behavior has also been observed recently in magnetic susceptibility measurements [6] . An example of the easy axis reorientation is shown in Fig. 1(b) for an 800 film. In this hysteresis loop, the field is along the -axis. The fact that the loop at 6 K is close to be square-like indicates that the easy axis is nearly aligned with the -axis. As we increase the temperature to 300 K, the easy axis switches back to the -axis as in the thicker films.
Interestingly, when we reduce the thickness further to, e.g., 300 , the easy axis becomes the -axis again at both 6 and 300 K. This can be seen in Fig. 1(c) , where the magnetic hysteresis loops at 6 and 300 K are square-like with the field along the -axis. These results show that the magnetic anisotropy in strained CrO films can be easily affected by the thickness as well as temperature. Furthermore, the evolution of the anisotropy is not monotonic against a varying thickness. Another interesting observation from Fig. 1 is that the coercivity of the CrO film is strongly thickness dependent, ranging from tens of Oe in the thicker films to hundreds of Oe in the thinner films. One should be particularly aware of this fact if CrO is intended to be a magnetic component in any magnetoelectronic devices.
We have measured the resistivity, , of the films as a function of thickness (120-2600 ) in the temperature range of 4.2-420 K. The temperature dependence of resistivity is shown in Fig. 2 for a bulk 2600 film. The resistivity was measured along both the -and the -axis, with results similar to those obtained in earlier studies on thicker films [7] . The resistivity curves for the -and the -axis intercept at about 160 K. The resistivity changes nearly two orders of magnitude between 4.2 and 420 K, with the film being highly metallic at low temperatures. The magnetic phase transition temperature ( K for the bulk film) can be obtained from the resistivity versus temperature curve (see inset of Fig. 2 ). Due to magnetic disorder scattering, there appears to be a slope change in the curve as temperature moves across . Using this signature, we were able to determine for films of different thicknesses. Fig. 3(a) and (b) show that temperature dependence of resistivity for films with varying thickness from 120 to 2600 , along the -and -axis, respectively. The value of , as indicated by the slope change in the curves, remains a constant independent of thickness, which is consistent with results obtained from magnetic measurements.
Comparison between Fig. 3 (a) and (b) shows that the thickness has a more dramatic effect on the -axis resistivity than the -axis resistivity. In the thickness range studied, the residual resistivity increases about one order of magnitude along the -axis, whereas it increases more than two orders of magnitude along the -axis. This is due to the fact that lattice mismatch between the TiO substrate and the CrO film is 3.79% along the -axis, and 1.48% along the -axis. Therefore, the strain in the film is highly anisotropic, stronger along -axis than -axis.
We have found that the functional forms of taken along the -axis do not change appreciably with thickness. The most important effect of the thickness variation is the change in the residual resistivity as temperature approaches zero. Our analysis has shown that the residual resistivity is inversely proportional to the thickness. This is consistent with surface induced disorder scattering, as the thickness becomes a limiting scale for the electron mean free path [8] .
In the thickness range of interest, all CrO films remain metallic over the temperature range measured. However, in the thin film limit and at low temperatures, there appears an upturn in resistivity along the -axis as temperature is lowered. This behavior is best seen in the inset of Fig. 3 for the CrO film with a thickness of 375 . We think that it is due to the large induced strain in the thin film limit. Such a strain tends to reduce the wavefunction overlap and, possibly, causes electron localization at low temperatures.
In summary, the anisotropic strain in CrO films has a profound effect on both the magnetic and electron transport properties of this half-metallic solid. As the thickness of the film decreases, the magnetic easy axis reorients twice, first from -to -axis and then back to -axis again at low temperatures. The magnetic coercivity also changes appreciably with thickness. The main effect of thickness on the resistivity is the surface induced disorder scattering, which increases the residual resistivity as films become thinner. There exists a large anisotropy in resistivity along the -and the -axis, due to the anisotropic strain in the CrO films. In the thin film limit, resistivity at low temperatures exhibits nonmetallic behavior along the -axis which is heavily strained. The reduced wavefunction overlap is a potential cause for this behavior.
